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Abstract

Methods of G1’S-based m-bit determination have bccI 1 tested on 1 wo low earth orbiters,

l’ol’IIX/l’OSlll  lJON” and Ill Vii. l’01’l~X/1’OSllll JON CtirflCS ~t dLlal-flc(l~lrl]cy 6 channel G1’S

l“cccivcl” whi]c ltLIVl: has a ~ 2 channc] sin~]c frcquctlc)f rcccivcr.

l+lying at an altitude. of 1334 km, ~’ol}l; X/I’OSlill)[)N” ]Jcrforlns p] ccisc ocean altimetry,

which demands the highcsl possib]c accuracy In dctcmil ling the radial orbit

component in ]>ost-]>l<”ccssit~g.”  Radial RMS accuralics  of’ about 2 cm were rcalimd

using reduced dynamic tracking techniques. ]n this :i]J]310aCh, orbit crl”ors due to force

arc subsiantial]y rccluccd by exploiting the geometric strength of ( ;l),S to solve, for a set

of stochastic forces.

On lllvli,  the emphasis was on evaluating real time positioning) techniques with a single

frequency rcccivcr. ‘J’he capability for real time 3]J accuracies of 1 S m in ihc prcsencc of

Selective Availability was shown. This was validated by comparinp, to a post-processed

diffcrcntia] GI’S truth orbit believed accurate to aboul 1 m.

1. Introduction

] . ]  l’OI’I<X/l’{)SI<II)  ON, G]’~ 1’01)

III t h e  m i d -  198(Js the ‘I’ol’li X/l’OS1~ll)ON  project :Ijyccd to dcvc]op a n d  fly a n

experimental Global Positioning System receiver to test the ability of G1’S to provide

precise orbit determination (1’01 )) by an ~]l]co]~vc~ltio]l:il”  ncw technique [Mclhoz41-nc  et

al., 1 994; l)ertigcr (:1 al., 1 994]. The G1’S IIcmonstl dtion Rccc.ivcr (GI’S1 11<), an car] y

version of the Motorola Monarch’] ’M, tracks up to six {;1’S satellites concurrently,

measuring the phase of the 1,/ and 1.2 carrier at 1 -SCC intervals ancl pscudorangc  at 10-

scc intervals. Measurement noise on the iol]os]-)llc~”c-flee {)bscrvables, including

ins[runlcnta]  thermal noise atld mu]tipath Cffccts, is al mt 5 ll”In”l for phase and ’70 cm for



pscudorangc. If the orbits and clock offsds  of the GIN satellites arc known (the.y arc

broadcasl by the Gl>S satcl]itcs) the rcccivcr can determine. its position ancl time (four “

unknowns) gc.omctrical]y  (within the cm)rs  of Ih[’ broadcast data) at any instant with

data from only four satellites. It is tl~is CXI1 aordillary ~,comctric s t rength  tha t

dis(inguishcs Lil’S as a tracking systcm. Such grouncl-based systems as S1 .1< (satellite

laser ranging) and 1>01<1S (I)opp]cr orbjtography and rndio positioning integrated by

satellite) typically pmvidc mcaswcmcnts in jus[ onc direction at a time and may have

substantial covcragc gaps; they must thcrcfmc rt’]y on moclcls of satcl]itc trajectories

(derived from mdcls of the forces acting on the satcl]itc) to rccovcr thlcc-clilllcl~sio~lal

information.

With a tcchniquc kJlown as rcduccd  dyrlaJnic tr:lcking  [ Wl{ cl (/1.,  1991; Y1411ck  e/ al.,

] !)90] W C  caJl CX])]Ojt  thC 311 gCOIllCtriC  Stl”CJ)glh Of GI’S  tO JlliJlillli7C dc}>cJldcllcc  011

clyJ)aJnic  Jnodc]s and, iJl theory, achicvc a supcriw  orbit so]ution  through aJl optimal

synthesis of dynamic and gmmctric  information. A variation OJ) that tcchniquc ca]]d

kinematic Iracking can yjc]cl a prccisc solution a]nmst cntirc]y by geometric means with

a sufficiently capable <il’.S rcmivcr.

{;onvcntional  dynamic 1’01) depends on prccisc models of the forces acting on the

satellite to dcscribc the trajcdory.  in a dynamic solution the estimated Jlaramctcrs will

typicaJly include fhc satellite initial state (Jmsitioll and vc]ocity) and a fcw quantities

describing the force modc]s (e.g., a drag cocffici(.mt and ol-)cc-J3cl.-rcvolLltioJl” empirical

accclcrations).  ‘1’hcsc arc a(ijustcd to yield a solution that best fits the observations, but

that solution wjll ncccssariJy have c.rmrs arising from cmrs in the force. moclcls. With

Cil’S tracking, the mdcl errors can bc obsc.rvcd  it] the 3-IJ rcsidua]s bctwccn the orbit

solu(ioJl  and the obscJ”vations. ~’his rcsidu:i]  iJlforInaticm caJ”I ttmJ’1 bc apJ)]id iJl a pojnt-

by-point gcomctrjc a(l~ustJncmt  of t}~c sa~cJlitc ]msition [o f~,ivc the rcduccci dynamic

soJution. Rcduccd dyl’)iiJlliC tracking is in~plcmc~]tcd in the C; I1’SY-OASIS  lJ software

[ WM et al., 1 990; IIerligcr cl al., 1989; WCIJIJ (’t al., J 993) by solving for a set of

stochastic acceleration parameters. lly a[ljusting the time correlation anti stcacly state

standard deviation (o) of these parameters, the optimal solution may bc obtained.

IJffcrcnccs  bctwccn dynamic and rcduccc] dynamic solutions can expose the mdcl

errors and allow us to study their gcographica] aJId spectra] cjistributioJl and to jmJmwc

the clynaJnic mode]. 1 ‘or cxamp]c,  the GPS data were used to ilnprovc  the gravity Inoclc]

used ill ‘I’ol’li  X/l’OSIiJl)ON data Jx”occssi Jlg (lcJM-3 \!~aVily flC]d, [ ~’f/p/ey c1 (//., ] 994]).



Of cmmc,  with GI’S rcduccd clynamic tracking of ‘m)] ~X/IWS] LIIXMN,  there arc mom duc

to G1’S clocks and orbits. in order to minimize th(:sc errors, t}~c G]% signals arc

observed not ml y on-board ‘m’] lX/1’OSIO I ION, but also at a sd of 12.-16 ground

rcccivcrs well distritmtcd  over the carlh, 1 ‘lg. 1. I hors ill the {;1’S constellation arc

minimized in the solution by a simdtancms ad justmcnt  of ‘I’ol’ll X/l’ OS} Lll)[)N”

orbi 1 parameters, and ground stat i m paramct us. 1 lat:~ from ‘101’1 .x/l I( )s1 il 1 Xm

the knowledge of GI’S orbits.
-.. ., T.T.  . ,  — -  -—.7—  —,.7 I
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Figure 1. (3’S global trackinx network

T]lC ~] ’$(\ CtCIJllillCd  ‘J’OI’llX/l’OSlilI) ON” OrbitS havC :1 ladia]  ]<MS accul”acy Of about 2 cm

with along, track and cross track component cmors of about 5 cm ]< MS.

1.2 L’uvli 1{(?(/!  Ti??li? 01)
‘j’hc I ixtrcmc Ultra vjo]ct J ixplOrCJ  (] NJV1; ) was lallnchcd  in .lum  of 1992 at an altitude of

about 500 km. Its missim is to survey the sky in the. cxtrc.me ultraviolet [Ilowyer,

] 994]. Motorola donated the cnp,inccring vcrsjon of the T’c)I’Iix/l’osIi  II)c)N  G1’S rcccivcr,

modiflcd to perform as a single frequency ] 2-challnc] rcccivw, to bc f]own as an

cxpcJ”imcnt on liuvli. The J“cccivc.r  was adapted to the spacecraft’s rcquircmcnt to mtatc

continuously. TIms IIlvli k equipped with two oppositely dircclcd antennas to assure

good G1’S rcccption at all times. ‘J’here arc two disa(lvantagcs  to the antenna/rcccivcr

arrangement ovcJ” that of 101’1  ;xhml o I X)N, Sillglc-j’rc(]llcllcy introduces ionmphcrjc

crmrs in the lllvl~ GPS data. “1’hc llLIV1l antennas arc small patches located on Ihc

spacecraft bocly, increasing the multipath errors twcr thmc with the choke-rjng

alltc.nlla ml ‘I’ol)ljx/l’OSlil I) ON” ]oc.ated on a 4.3 Jn boom.

“1’hc goal of the [;1’S cxJocrinlcnt was to cva]uatc Ihc Jmtcntial rca] time positioning

performance of a single frequency G1’S rcccivcr. ‘1’hc rcccivcr currcnt]y pcrfmns  a

position so]utim  on-board every ] (1 seconds using pscudoraI’Igc daia fmJn 6 G1’S



satellites through a least square fit, without c)nploying dynamical moclcls or the

previous states of the spacecraft. These cm-board positionij~~  solutions me clominated ‘

by Sclcctivc Availability (SA) errors ancl have an RMS accuracy of about 50 m, Other

real time positioning algorithms were evaluated by processing the raw data on the

ground in a manner that would be consistent with real tilnc jmmcssing of G1’S data on-

board the spacecraft. The optimal on-board solution uses scJcctcd terms of the earth’s

gravity field to faithfully represent IiuvIi dynamics. The usc of dynamical information

would allow real time soJulions with 31J RMS errors of 15 ]n in the presence of SA

[Gold et al., 1994; Gold, 1994]. Since no precise truth orbit was available for IIJVE, a

precise differential G]% orbit was constructed wi [h a 31 I RM S accuracy of about J m

[Golf] (’1 (!1., 1 994].

2. ‘J’ol’llX/l)OSltll)ON 1’01) ]’roccssing

J]’] .’s GII’SY-OASIS  11 sof[ware was used to allalyxc the (“;1’S data. As part of the

orbitat accuracy assc<ssmcnt comparisons wcm made to ‘J’01’1 ixh’ml:1 I X)N orbits

produced with S1 .1< and DORIS data using IWO other software systems, LJTOPIA,

developed by lJnivcrsity of ‘1’cxas ~cntcI for Sj)acc Research (GR), and G] iOIIYN,

developed by the Goddard Space I~light (~cnter (GSI:C). G] KllYN is used to procluce

the official orbits rclcascd to the science communi~y  along, with the altime[cr data. The

G1l’SY/OASIS 11 solution proceeds in two stages. }~irst,  a sta~)dard dynamic soJution is

performed. ‘1’his is then used as the nominal orbit 1 mm which [hc final reduced dynamic

orbit is dctcrmincd. With GJPSY/OASIS II, data arc ~It in 30-hl batches centered on noon

UTC~. This  results in a (i-hr ovcrJap bctwccl~ consecutive days. “l’he RMS diffcrcncc

during the (i-hr overlap period may be used as a rI Ieasurc of orbit precision.

2.1 1)-ytlamic  Models

While the anatysis systems share common c]ynan]ic moclc]s, those models arc realized

through illlj)lc]llc~lt:ltiolls  which give s]i}:ht diff{trcnces  in the computed ocean tides

and car[b albcdo. All solutions usc the Joint Gravity Model-2 (J~lM-2) gravity field

tuned with l’CJl’l:X/1’[JS1tll)C)N  S1 .1< and DORIS clata [Ncrrjn et al., 1994] or Join[ Gravity

Model-3 (JGM-3) [71@cy et al., J 994] which ~ras tuned with four 1 ()-day cycles of

l’ol’IiX/1’OSllll>ON G]% data. A custom model for the solar and Ilvxmal radiation forces on

l’ol’l~X/1’OS1~llJC)N”  was dcvc]opcd for the S1 ,)</1>01<1S cffml [M~ir,~ha/ el al., 1992]. These

—
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small, slowly varying dynamic model diffcrc~~ccs call be largely accmmmodatcd

the adjustment of an empirical acceleration paramctc~, Z, of the form

.,
whcm d, A,, and i;, arc constant vectors in the spacccraf( coordinate systcm

thrOLl~h

(1)

ori cn lcd

in the nominal along-track and cross-track dire.c(ims. The frcqurncics [o, arc once- and

twice-]lcr-rcvo]lltiol~ of g’ol’liX/l’OSllllJC)N al~d f is time past an epoch. So]utions

produced by GSR (with IJ’]”0}’IA) ant] GSI ~~ (with Gliol )YN) a(ljuslcd constant ancl

ollcc-]~cr-rcvc)l~~ti(}ll along-track and cross-track a~nplitudes, whi]c J]’] JS preliminary

dynamic a(ljustcd twice-~>cr-rcvo]l~tiol~ terms ill those components as WC]]. l~mpirical

once- or twice-~>cr-l.cvol~ltic)ll raclial terms arc no~ a{ljus[cd bccausc of their high

correlation with the along track coefficients.

2.2 Reduced  l)ynamics

The principal pract ica]

Cil PSY/OASIS  11 to t r e a t

amplitudes ( F,ij, ~~1 ) in

difference bctwccn the software systems is the ability of

any parameter stochastical]y. Stochastic estimation of the

cq. 1 is used to pl”oduce  the rcduccd dynamic so]utions.

lnitial]y, when the best available gravity model was .IGM-2, only the constant term, ~,

was Ircatcd stochastical] y. With JGM-3 it was foul)d that treating, the once-pcr-rcv

coefficients stochastical]y improved the solution. Tuning of the stochastic constraints

wi[h JGM-3 was pcrformccl by comparing orbits using altimcicr crossover statistics

(discussed below). The altimeter crossover softwarr was not availab]c for the initial

tuning with JGM-2, which was performed by minimizing the orbit overlap diffcrcnccs

from consecutive data arcs. For the orbits determined with JGM-2, process noise

accc]cratims  arc modeled as first-order r]auss-Markov (colorc.d ]misc) processes with a

corrc]alion time of 1 S min and steady state sip,mas of 1(), 20, and 2(1 nn~/sz in the radial,

cross- and along-track directions.

The JGM-3 dynamical orbits (no stochastic accc]crations) were as g,oocl as or slightly

better than the previous rcciuccd dynamic orbits. The ~cchmccl dynamic orbit had to bc

retuned for this imp] ovcd dynamic model. By comparl ng alti me(cl crossover st:itistics, it

was determined that constraining the arbitrary stochas~ic accclm[ ions 10 1 nnW in all

components with a 1 S nlii) time correlation whi]c allowing the ol)cc-pcr-rev empirical



.
accc]cration terms to bc stochastic g:ivc the. best orbits. 1 lmpirical once-pcr-rcv

accc,lcrations  arc mom tightly coupled 10 the dynamics t] Ian the arbitrary constant .

accelerations. 3’hc anlJ>litudcs in the cross and along track directions are ad~ustcci with

a steady siatc sigma of 5 nn~/st and a correlation t imc of about 3 revs (3x 112.5 rein).

2.3 Additional GI1’,VY/OA,VlkV  II A djusld  Parameters

]n addition to the 7’01’1i  X/l) OSllIl)ON” dynamic and J cduccd dyIlanlic parameters a number

of othcJ” parameters arc acijusted in the so]lllion process. These include zenith

tropospheric dc]ays, G1’S states and solar prcssul c parameters, carrier phase biases, and

GI’S and station rcccivcr clocks. Rcduccd clynan Iic orbits based on the dynamic orbits

must bc tunccl based on the dynamic models USC(I.

3. ‘J’[)IIICX/IBC) SItII)C)N orbit Accuracy and ]Drccision

l’ostfit rcsidua]s.  As par[ of the automated q~lality control, the software examines

postfit phase and pscudorangc residuals over the full arc. Anomalous clata points arc

automatically dctcctccl and removed. Phase rcsicllla]s for the flight rcccivcr arc typically

about 5 mm RMS; pscudoral)ge rcsidua]s arc typically about 70 cm RMS. ~’hcsc values

arc roughly c.qua] to the combinccl instrulncnta] IIoisc and mu]tipath error cxpcctcd on

the two obscrvab]cs, implying no substantial nlisnlodclin~, in the estimation process.

The (;1’S data am in general of’ high quality; on] y ().() 1 % of data arc dctcctcci as

anomalous and removed from the solut i on,

ol”hi~ overlap.  ‘J’Ol)ltX/l)OSllIl)ON GPS data arc proccsscd  in go-hr  arcs ccntcred  on noon

lJT~. This yields adjacent orbits with 6 hrs of overlap. Although the data in the overlap

interval arc common to the two arcs, the orbii  soltltions  in tlIe. overlap arc only par(ially

corrc]atcd  bccausc of the largc]y inclcpcndcnt dci~:rI~lill:\tioll of GI’S clynamic orbits for

each arc. q’hc orbit overlap ajywemcnt is thcrei”t)rc a rot~~,h but somewhat oJ~t i mi st ic

indicator of orbit quality,

To avoid degradation from edge cffccls (il]crcasc(l error al the cJ)ds of the solution arcs

rcmlting from the abscncc of data on the otl]er side to constrain the stochastic

CS(i Jll:ilC)  CllCOllJltCJd  With rCdllCCd  d) VlaJlll C SO]UI iOllS, ds-lllill SCgJllCntS frOJll each c1ld

of the two solutions arc omiticcl in the RMS comparisons. This COllCSJ)OJldS to 3 times

the time constaJ)t  used for the arbitra.ty 3-1) s tochast ic  acce lerat ions .  Table  ],



summarizes the statistics of the RMS overlaps for the rcc]uccci dynamic JGM-2 and

JGM-3 mbits.

laMc 1. Statistics for RMS C)vmlaps I)ifferences  of Redu~ed Il~nam i~ ~owxltwsl;II  X)N Orl>jts
- — .

I ‘TE’Z
.—. — .

Radial  (ctll ( ross Trwk (em) ~Along I’rack  (cm)-—.—
JGM-2

H: ~

—-— . ——. .— .:-
Mean RMS 1.0 3.3 3.()

125 Overlaps
- — — .  _

Standard IWiation 0 . 4  — 1.[) 1.1
of RMS

J(;M-3
.-.— ~

Mean RN4S
——— . .

1.1 1.() 2,9

-—. —-— _ _ _ _ _ _ _ _  .
83 Ovcrla[)s Staaclml 1 )eviation 0.5 0.7 1.4

of RMS— . . ——. — .— —,.

Comparison with (Xl{ SJ.M)ORIS  Orbits. The RMS diffcmnccs bet wccn the C3R

orbits determined with independent software and data wclc computed for ten 1 ()-clay

l’OIIlix/I’OSllII)  ON” c y c l e s .  Both so]utios  u s e d  ,IGIW-3,  T h e  avcra~c  I<MS diffcrcmcc  itl

radial, cross, and aloIIg track was 2.(), 8.6, ancl 6.5 CI-11,  Since IIICSC oJbits  share some of

the same dynamic models, some of the crmrs  may bc (oIIlmoJI.

Altimeter Crossovers. A key method for assessing the

different orbi[s relics on altimeter data col]cctcd by the

carries a radar altimeter that measures the ranfic to the sea

of less (ban 4 cm RMS. These range measurements can

relative radial accuracy of

spacecraft. 30]’1 iX/1’OS} il

surface with an unccrta

bc used {ogethcr with

prccisc radial orbit solution to dctcrminc the geocentric height of tllc sea surface.

JON

nty

the

At

the points in the ocean where the satellite ground t] acks il~tcrscct on ascending :inc]

descending passes, two such clcte~-ll~illatiolls of sca height can bc made. in the absence

of errors in the radial component of the orbit and in the mcciia comctions to the

altimeter range, the hcigllt diffcrcncc at the crossil]g ] )oint locatiol~ is a measure of the

true variability of the ocean surface. Thus the st:~ndard  deviation of the height

difference can bc written as

2
‘height

= 0 -
2

:’:P(,,, + 2 x o ~(,{li[,, ~)r,,i,

assuming orbj t crmrs arc uncorrc] atcd with the s:imc

asccndil~g and clcsccnding arcs. If wc have computed the

(2)

standard deviation on the

hcig,ht  standard clevjatjon

usjtlg two different orbit solutions (e.g. G]% and SL.WDORIS)  then diffcrcncing  the

corresponding cq. 2’s eliminates the ocean variabj]ity  and yields an equation for the

relative accuracy of the two orbits in the radial compo~lcnt.
I



1 br eight of the nine 10-day cyclcs(Fig. 2), the JPI. rccluccd dynamic orbits yield

smaller crossover variances with a mean for the nine cyc]cs of 2.7 cn12, This would

indicate improved radial orbit accuracy of 1.2 cm.

10 FWWOSEIDON 10-day Cycle Number

l“igure 2. Altirnctcr Gossovcr  IJiffcrcnccs ~SR -

Real ‘1’imc Positioning

Rcduccd IJynamic

Using the single-frcc]ucncy IiLJVIi clata wc wish t{) explore alp,orithms which could bc

run in real time on-board a spacecraft to produce Lhc most accurate position. Although

the ImvIi rcccivcr was the cn~inccring version of the ‘rOI)liX/M ls]il! )C)N receiver there arc

several complications comparccl to TO1’IiX/l’OSllllX)N. The dual antennas arc small patch

antennas located on the spacecraft l-mcly yicldinj:  much higher multipath errors. More

scrious]y, lmvli at 50(] km altitude has Jnorc  ionosphere above it and no dua] frccjucncy

calibration. Finally, in real time wc can nol use sn 100thing in the orbit estimate ancl must

limit the computational complexity of the modc]s for realistic on-board calculations.

To control the ionospheric crmrs, we i?~vcstiga[c the usc of the Group and Phase

ionospheric {calibration (G1{A1’HIC) data t ypc [Y/reck, 1993].  Since the effect of the

ionosphere is to additively incrcasc the obscI vccl group delay ancl to additively

dccrcasc the observed delay in phase by the same amount (mcasurccl in terms of

ran.gc), ad[iing the two data types together and dividing by two e.liminatcs the effect of

the ionosphere. The CillAPIll(.: data type is a biased measure of range (biasccl bccausc

the phase is biasccl) having half the error of psclldorangc (since pseudorangc  noise is

large compared to phase), but no ionospheric crl or.

To rcclucc the computational complexity, we investigate simplifications of the dynamic

model. Simple numerical intcgra(ors  can bc used on-board to i ntcgratc  the equations of

motion. 2’lIc computational cost is dominated by Ihc size of the gravitational field used



in the force nmcicling.  computation  may bc sipnificant]y rcduccd by judiciously

selecting terms from the sphcrica] harmonic rc,prcsentation of the best available

gravitational models.

4.1 EU’E  Definitive Truth  So!ution

Truth solutions are gcncratccl with the full dynamic mode] and rcduccd dynamics using

GRAP}llC data from IWVti and dual frequency data irom the ~,round network. Models

include a 70X70 gravity field, atmosphm-c drag models, atid mom complctc box-wing

models for the spacecraft ori cnt at ion and physical parameters. The weaker singlc-

frcqucncy IiLJVIi data cjo not contribute to inlprovi[~g the G]% orbits over the high

precision proccssil~g done routinely with ground data at J])], [Zumbcrgc et (~1., 1995].

Thus, unlike l’01’l~X/f’C)SllllloN, the GI’S orbit solutions and statiol~ coordinates arc held

fixed. Whi(c noise offsets from a ground station refc.1 cncc clock arc estimated for each

satellite and rcccivcr clock in the network. 1 WVli position, vc.loci( y, drag cocfficicnt,

ancl constant and once.-pcr-rcv cnlpirical acccleral i 0] ls arc csli mated, and solutions arc

iterated until these parameters converge. Af(cr convergcncc, the values of these

parameters arc hc]cl fixed, and a final reduced dynamic step is performed, (1-bit overlap

tests indicate that the Iruth orbits are accurate to about 1 meter (31) RMS), with the

along track component the Icast WCI1 dctermimd  [Go/d cl al., 1994].

4.2 Red Tim l’erformamc

~’r’occssing scenario.  Wc ]imit the discussion to rt!cluced dynamic so]utions using

m< A1’lllC data. For comparisons to other data types and algorithms scc Gold et al. }

1994. The reduced dynamic tcchniquc must be modified sli~h(ly for the real time

application since a convcrgcd smoothed dynamic solution is unavai]ablc  in real time.

For real time rcduccd dynamics, wc start with an apriol i cphcmcris for IiLJVIi  that is good

to 75-100 m, easily obtainable from a fcw point position solutions on-board or

uploaded the ground. Broadcast clocks and a good :tl~j>roxilll:ltit)ll to the broadcast

cphcnm<is arc used for GPS. The combination of ICSS precise dynamic moclcls and n o

smoothing rcc]uire much lalgcr stochastic corrections. Values of from 20,000--300

nn~/scc2 with a 15 min time correlation were found to bc optimal dc]mding on the data

and the force moclcl, Data arc processed in 30-hI arcs and compared to the truth

solution over the last 27-hrs to allow for filter convtrgcncc.  ‘1’enns from the 50x5()



I JGM-2 gravity ficlcl arc sclcctcd based on a linear perturbation analysis [Ro.~homz4,gh

c1 (11., 1 987].

Results. in Table 2, the first row gives the size of the pc.r[urbations to bc studied with

the linear analysis. The scconcl row lists the number of terms that arc nccdcc] from the

.lGM-2 gravity field such that all the other terms will contribute lCSS than the number

listccl in the first row. Rows 3 and 4 show the pcrformancc, with ancl without SA, of

the real-time rccluceci clynamic solution (3D RMS for 27-hrs). q’hc final two rows show

(hc ICVCI of stochastic accclcralion  ncccssary !c) achieve the bcsl orbit with the sclcctecl

gravity ficlcl, Note that clynamics smc)oth out mucl 1 of the SA mm.

l’al~lc 2. JCiM-2  [iravity  l;iclcl Scleclioa vs. Real l’imc Orbil l’erl’ormaace

Perturbation >lOm >4m >2.5 m >Im >0.5 m >0.3 m Full Field
. . — . —.

# of Terms 78 117 157 282 4 1 6 554 2597
. - — . — — .

SA RMS
——. — .

47.2 m 35.0 m 31.8 m — - 22.6 n) 19.3 m 17.5 m 13.8 m
.-— —  . - .

no-SA RMS 31.0 m 25.5 m 23.5 m a 9.2—m 16.7 m 15,9 m 11.8m
,.— —. .-

SA. Accel. 20000 1000 800 500 400 400 300
nmlsec? - — . — . —— . . .
no-SA Accel. 10000 3000 2000 1000 600 600 400
nm/see?

5. conc]ushms

D a t a  ~Km two (WS flight rcccivcrs were pJoccsscd. With the dual frCCjUCJICy

TOPI ;X/I)OSI HI)ON rcccivcr RM S accuracies of approximatcl y 2 cJn in the radial ancl S cm

in cross ancl along track components arc obtainal)]c. Eviclcncc supporting this lCVC1 of

accuracy incluc]cs orbit ovcr]aps with an RMS of 1.1, 1.6, and 2..9 cm in the raclia], cross,

ancl aloJ~g track components; anti comparison with orbits dctcrminccl with S1 WIXIRIS

ciata and indcpcnc~cnt software with an Rh4S  agI ccmcnt of ?.(1, 8.6 and 6.5 cm (radial,

cross ancl aloJ~g track). IJurthcr tests using altimetry data, which is indcpcnclcnt of the

orbit clctcrmination process, show that the {;PS orbit is of higher accuracy than the

S1 ,R/IJORIS clctcrminccl orbit.

1 kw }jLIvJi Jca] tiJm RMS positioning accuracies iJl 3D of 15 m arc possib]e  with a sing] c-

frcclucncy rcccivcr in the prcscncc of’ SA. For real time positioning it is important to

control the computational comp]cxity of the cm-board algorithm. The numerics]

integrator for I;UVIi was shlphficc’1 by a Judicious choice of’ the components of the



.

gravity field model. The 15 m accuracy was validated by comparison to a post-

pmccssccl orbit with an RMS accuracy of about 1 m RMS.
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